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Abstract

A series of forty experiments on the National Ignition Facility (NIF) [E. I. Moses et al., Phys.
Plasmas 16, 041006 (2009)] to study energy balance and implosion symmetry in reduced- and full-
scale ignition hohlraums was shot at energies up to 1.3 MJ. This paper reports the findings of the
analysis of the ensemble of experimental data obtained that has produced an improved model for
simulating ignition hohlraums. Last year the first observation in a NIF hohlraum of energy transfer
between cones of beams as a function of wavelength shift between those cones was reported [P.
Michel, et al, Phys of Plasmas, 17, 056305, (2010)]. Detailed analysis of hohlraum wall emission
as measured through the laser entrance hole (LEH) has allowed the amount of energy transferred
versus wavelength shift to be quantified. The change in outer beam brightness is found to be
quantitatively consistent with LASNEX [G. B. Zimmerman and W. L. Kruer, Comments Plasma
Phys. Control. Fusion 2, 51 (1975)] simulations using the predicted energy transfer when possible
saturation of the plasma wave mediating the transfer is included. The effect of the predicted
energy transfer on implosion symmetry is also found to be in good agreement with gated x-ray
framing camera images. Hohlraum energy balance, as measured by x-ray power escaping the
LEH, is quantitatively consistent with revised estimates of backscatter and incident laser energy
combined with a more rigorous non-local-thermodynamic-equilibrium atomic physics model with

greater emissivity than the simpler average-atom model used in the original design of NIF targets.

*Paper BI2 4, Bull. Am. Phys. Soc. 55, 21 (2010)
TElectronic address: town2@11nl.gov



I. INTRODUCTION

The National Ignition Campaign (NIC) is an integrated experimental and computational
program to tune an inertial confinement fusion target to the required conditions necessary to
achieve indirectly-driven ignition on the National Ignition Facility (NIF)[1]. The first phase
of the NIC is to verify that the energetics of the hohlraum meet ignition requirements. The
primary goal of the hohlraum energetics experiments[2] was to demonstrate: 1) sufficient
laser coupling to the hohlraum so that enough laser energy is available for x-ray drive; 2)
high enough x-ray drive to implode a stable shell fast enough; and 3) symmetry control.
An important secondary goal was to refine our radiation-hydrodynamic and laser-plasma
interaction design tools based on the results of these experiments.

Analysis of the hohlraum energetics experiments has led to three important changes to
the prior physics model, which was based on experiments performed at the Noval3] and
OMEGA[4] laser facilities. First, the x-ray drive measurements required a more emissive
nonlocal-thermodynamic-equilibrium (NLTE) atomic physics model and near classical elec-
tron heat transport. Second, experiments demonstrated cross-beam transfer of laser energy
which has been included using a semi-empirical model. Third, data suggested that the
backscatter on the 23.5° quad scaled differently than on the measured 30° quad.

This paper is organized as follows. We briefly review the design tools in section II
and the experimental setup in section III. The paper details the experimental evidence
and comparison to the computational models for the drive (section IV), symmetry (section
V) and coupling results (section VI). Finally, section VII summarizes the results of the
hohlraum energetics campaign that have validated the hohlraum platform for ignition tuning

experiments.

II. SIMULATION METHODOLGY

There are two classes of simulation that are routinely performed in support of NIF ex-
periments. The first, termed pre-shot simulations, applies the point design model to design
the experiment, make predictions of diagnostic signatures (to assist in experimental config-
uration), and construct “play books” to guide modifications of future experiments. These

simulations use generic target parameters and the requested laser-pulse shape with an esti-



mate of backscatter removed. The second simulation type are termed post-shot simulations.
These simulations deploy the point design model and alternate physics models to the actual
fielded target and use the as-shot laser pulse with the measured backscatter removed. Sim-
ulated diagnostic signatures are generated and compared to experiment. Different physics
models are evaluated and compared against the experimental database and, if a compelling
case can be made, then the physics model of the point design is updated.

In this paper we report on simulations using the two-dimensional axisymmetric radiation-
hydrodynamics code LASNEX([5]. The baseline model was validated during the Nova tech-
nical contract and subsequently refined by experiments on the OMEGA laser system|[6][7].
This model uses an in-line NLTE average atom model (XSN) to generate multigroup emis-
sivity and opacity data for the high-Z hohlraum wall[8]. The quotidian equation of state
(EOS)[9] is used for hohlraum materials and gases at low temperature; at high temperature,
the XSN NLTE equation of state is used. The electron heat transport uses Spitzer conduc-
tivity, but limited to f = 0.05 of the free streaming value. The capsule materials use more
sophisticated LTE tabular opacities and EOS models. This model was used to develop the
NIF ignition point designs[10] and to set the NIF laser requirements.

We have recently developed a new model for hohlraums called the high flux (HF) model
that incorporates two physics improvements[11, 12]. The first improvement is to the atomic
physics model of the hohlraum wall. Tt has recently been shown[13] that the XSN model used
in the Nova model was not as emissive as more detailed NLTE models such as SCRAM[14].
It is worth noting that the differences due to emissivity models becomes more apparent
at larger scale. Hohlraum energetics is generally dominated by wall loss, which scales as
the hohlraum area. However, energy is also stored in the coronal plasma, which scales
as the hohlraum volume. The ratio between the energy stored in the corona to the wall
loss thus scales as ratio of the hohlraum volume to the area which is proportional to the
hohlraum scale size. A more emissive atomic physics model reduces the energy stored in
the coronal plasma, which is more significant at NIF scale where up to 40% of the energy is
stored in the corona as opposed to 20% at OMEGA scale[12, 13]. With the advent of faster
computers it has become possible to routinely run NLTE atomic physics models based on the
detailed configuration accounting (DCA) approach[15] that include many thousands of levels
compared to the tens of levels used in average atom models such as XSN. In particular the

inclusion of dielectric recombination allows the re-population of active levels which enables



more efficient radiation. The second improvement increases the flux limiter to f = 0.15
that better matches the temperature distribution of more sophisticated non-local electron
transport models (see ref[12] for a comparison of the non-local electron transport model to

various flux-limiters).

ITIT. EXPERIMENTAL SETUP

The NIF hohlraum energetics campaign|2] fielded two sizes of hohlraums and five different
laser pulses (Fig. 1). The smaller emulator-scale hohlraum used laser pulses with energies
from 500kJ to 800 kJ with pulse lengths from 11-ns to 19-ns. These sub-scale hohlraums were
designed to reproduce the hohlraum plasma conditions of the 1.3MJ ignition design while
operating at lower laser energies. The larger ignition-scale hohlraum used laser energies from
800kJ to 1.3MJ with pulse lengths of 20-ns. The initial two experiments used a hydrocarbon
fill gas and were shot at room temperature. Subsequent experiments operated at cryogenic
temperatures and were filled with either pure helium, or a hydrogen-helium mixture. The
choice of hohlraum gas density is based on the desire to achieve adequate time-dependent
x-ray drive symmetry and limit hydrocoupling. High hohlraum gas density limits hohlraum
wall motion ensuring time-dependent x-ray drive symmetry, but potentially introducing
capsule asymmetries by the coupling of capsule to the hohlraum. At the other extreme low
hohlraum gas density allows hohlraum wall motion that introduces time-dependent x-ray
drive asymmetry, but reduces hydrocoupling. Design calculations were performed and an
optimal gas density was found. Typically the hohlraum gas was filled to create an electron
number density of 4.5% of the critical density for 351 nm light (equivalent to 4 x 10*°cm=3.)
A few experiments were performed at lower gas densities and are included in the dataset
reported here. The hohlraum wall was manufactured from either pure Gold, or a Gold-Boron
mixture. The hohlraums contained a so-called “symcap” plastic capsule[16]. The ablator of
these capsules was identical to the ignition capsule, but the deuterium-tritium ice layer was
replaced by a plastic layer of equivalent mass to ensure similar hohlraum plasma conditions
and implosion trajectory to the ignition capsule. The capsules were filled with pure helium,
or a deuterium-helium mixtures at a density of 8.3mg/cm? which allowed the capsule to
converge to around one-tenth the original capsule radius.

The NIF’s 192 beams are arranged into 48 quads. These quads are further arranged into



inner and outer cones. The inner cone consists of eight quads at 23.5° and eight quads at
30° relative to the hohlraum axis of rotation. The outer cone consists of 16 quads at 44.5°
and a further 16 quads at 50°. The inherent inner cone fraction (defined as the inner cone
power divided by the total power) of the NIF is thus one-third.

For the initial NIF experiments the laser power that is backscattered out of the hohlraum
was measured on one 30° inner-cone quad and one 50° outer-cone quad. The full-aperture
backscatter station (FABS) measures the energy, power, and spectrum of the stimulated
Raman scattered (SRS), and stimulated Brillouin scattered (SBS) light that is reflected
directly back into the final optics. The SRS and SBS are measured with an error of +17%
and +20% respectively. The near backscatter imager (NBI) measures SRS and SBS light in
an f/4 cone around the quad[17] with an error of £14%. Since we do not self-consistently
calculate laser-plasma instability processes in our radiation hydrodynamic simulations we
remove the measured backscattered light from the incident laser beams. We have typically
assumed that the undiagnosed 23.5° and 44.5° quads have the same backscatter as the
30° and 50° respectively. In addition to being an input into our post-shot simulation the
backscatter diagnostic also provides information about the temperature and density of the
plasma. An indirect measure of laser-plasma instabilities is obtained from the hard x-
rays (> 20keV) generated by hot electrons that are detected by the filter-fluorescer array
FFLEX[18].

The principal x-ray drive diagnostic, DANTE, is an absolutely calibrated, time-resolved
18-channel x-ray diode array that measures the x-ray flux and spectrum from 70 eV to 10
keV emitted through the LEH at an angle of 37° to the hohlraum axis[19]. The error in the
total flux is typically £5% during the peak and +10% in the foot of the laser pulse.

Two static x-ray imagers (SXI) produce time-integrated images of the inside of the
hohlraum wall as viewed through the LEH at an angle of 18° and 19° to the hohlraum
axis[20][21]. The images provide information on the backlit size of the LEH and the po-
sitions and intensities of the laser beams interaction with the hohlraum wall. The SXI is
sensitive to x-ray energies in the 3 — 5keV range with a spatial resolution of 60um.

The final diagnostic that we will compare to simulations is the gated x-ray detector
(GXD), which takes multiple time-resolved images of the self-emission of the imploding
capsule through a hole in the side of the hohlraum wall[22]. The GXD has a spatial resolution
of 10um and temporal resolution of 70-ps. The shape of the imploded capsule obtained from



the GXD is a sensitive measure of the symmetry of the x-ray drive.

IV. X-RAY DRIVE

The Nova and HF model had previously been compared[23] to the initial NIF vacuum
hohlraum experiments performed in 2009. It was shown that the Nova model consistently
underestimated the Dante flux, whereas the HF model reproduced the peak Dante drive for
laser energies from 150kJ to 600kJ. Unlike the energetics experiments described here, these
hohlraums did not contain a capsule and were not filled with gas.

The experimental and simulated Dante flux as a function of time is shown in Fig. 2 for
an ignition-scale hohlraum driven by a 1.0MJ drive (shot N091204). The Nova model has a
much lower drive throughout the peak than the experimental observation. The HF model
has a significantly higher total flux during the peak that matches the experiment within the
experimental error bar of 5%. Similar behavior is seen at emulator- and ignition-scale driven
from 500kJ to 1.3MJ. To summarize this we have compared the peak x-ray flux over the
complete hohlraum dataset from 2009 (circles) and the recent 2010 experiments (diamonds)
and plotted the results of the simulated value against the experimentally measured one in Fig.
3. Good agreement between the simulation and experiment corresponds to the dashed one-
to-one line. The Nova model (open blue circles) is consistently below the experimental value
and falls below the line, whereas the HF model (filled red circles) is within the experimental
error bars for all the experiments.

Fig. 4 shows the experimental and simulated Dante spectrum at the time of peak flux
for the same 1.0 MJ shot. The Nova model has substantially less flux emitted at higher
photon energies compared to the experiment. The HF model (shown in red) reproduces the
experimentally measured increase in flux around an energy of 2.0 keV that is associated with
the M-band radiation of Gold. The radiation above 1.8 keV has been found to be a source
of preheat that requires the addition of Germanium dopant in the capsule ablator. This
trend of higher observed x-ray preheat than the Nova model is shown in Fig. 5, which plots
the fraction of radiation above 1.8 keV to the total x-ray radiation at the time of peak x-ray
flux. The HF model preheat fraction is slightly higher than the experimental observation.
Based on these findings the ignition specification dopant fraction has been revised to a higher

value.



V. SYMMETRY

One of the most important findings of the hohlraum energetics campaign was the demon-
stration of cross-beam power transfer between the outer and inner cones of laser beams. This
ability to vary the inner cone fraction was successfully used to tune the implosion symmetry
of the capsule[24]. Tt was predicted by Kruer et al.[25] that power could be transferred
between laser beams via induced Brillouin scattering and was experimentally observed by
Kirkwood et al.[26] on the Nova laser facility. In 2009, Michel et al.[27] described a new
model coupled to LASNEX that theoretically demonstrated the ability to tune the symmetry
of the imploded ignition capsule. Last year Michel et al.[28] reported on a simplified linear
model that could be routinely applied to LASNEX simulations for multiple times during
the laser pulse. The amount of power transfer between the inner and outer beams can be
controlled by varying the wavelength separation between the cones A\ = A\jner — Aouter- Lhe
typical wavelength shifts (AX) in the infra-red (where A = 1.0pum) are between 1.5 and 8.5
A. In our post-shot simulations of these experiments we now take account of the predicted
power transfer in the following manner. First we generate plasma maps from simulations
that use the as-shot target parameters and the incident laser powers. We then calculate the
linear kinetic coupling between all 24 laser quads that cross in the LEH region. Unlike our
previous calculations we now apply a saturation amplitude to the excited ion acoustic wave.
By comparison to one shot (the 1.0MJ N091204 shot described above) we choose the satura-
tion amplitude to give power transfer consistent with the experimentally observed symmetry.
We modify the incident laser pulse by this amount of power transfer and then subtract the
measured backscatter from the four quads. Finally we re-run the calculation using this
modified laser pulse and generate the simulated diagnostics to compare with experiment.
Figure 6 shows an example of the incident laser pulse before power transfer and the laser
pulse after power transfer and backscatter removal. For large wavelength separations the
inner cone fraction can increase substantially as shown in Fig. 7.

We will now compare the Nova and HF model to the AX tuning scan performed at
emulator scale driven by the 660kJ 16-ns laser pulse. The AX was set at 1.5A, 3.0A, and
5.0A. Figure 8 shows the change in the x-ray brightness of the portion of the SXI diagnostic
attributed to the x rays emitted from the interaction of the far outer laser beams with the

hohlraum wall. Both models reproduce the reduction in the experimental brightness which



confirms that the predicted laser power transfer from the outer cones is consistent with the
experimental observation for both models. Figure 9 shows the change in the symmetry of
the imploded capsule at peak brightness time. The shape of the hot spot is characterized by
decomposing the 17% contour of the x-ray emission into Legendre modes [16]. The P2/P0
reflects the power balance between the inner and outer cones. A negative P2/P0 corresponds
to an oblate, or pancaked implosion brought about by less x-ray drive over the waist of the
capsule compared to the pole. Conversely a positive P2/P0 corresponds to a prolate, or
sausaged implosion. As A is increased and laser energy is transferred from the outer laser
quads to the inner laser quads the experimental symmetry becomes more prolate. At a given
A\ the Nova model has a substantially more prolate GXD image than the experiment. For
example, with a AX of 1.5A, the Nova model is almost round (-6.5%) whereas the experiment
and HF model’s GXD image is very oblate (-42%). The HF model matches the absolute
experimental symmetry and the change in symmetry with power transfer.

The HF model creates a more oblate implosion than the Nova model for two reasons.
First, the HF model is more emissive than the Nova model and so the outer laser beams,
which have a short path from the LEH to the hohlraum wall, convert laser energy more
effectively into x rays than the Nova model. The capsule “sees” more x rays from the pole in
the HF model than the Nova model. Second, the HF model has a cooler hohlraum plasma
than the Nova model. As the inner cone laser beams propagate from the LEH across to
the mid-plane of the hohlraum they are absorbed more effectively by the HF model’s cooler
plasma, thus reducing the x-ray emission at the hohlraum wall. The capsule “sees” reduced
x rays from the waist in the HF model. It should be noted that the inner cone laser beams
would also benefit from the increased emissivity of the HF model, however the inner beams’
longer path length to the hohlraum wall reduces the laser energy directly deposited in the
wall and thus reduces the effect of the more emissive HF model. The net effect of enhanced
pole emission, and reduced waist emission leads to a more oblate capsule implosion for the
HF model than the Nova model. Therefore, achieving a symmetric implosion in the current
ignition hohlraum design using the HF model requires a higher inner cone fraction than
the Nova model. Using the HF model a design study to optimize the aspect ratio of the
hohlraum to reduce the amount of laser power transfer has been undertaken and will be
experimentally demonstrated next year.

It is worth noting that the difference in the hohlraum plasma temperature between the



Nova and HF models that plays an important role in creating the more oblate implosion in
the HF model is independently confirmed by comparison of the simulated SRS spectra to
the experimental one. For example, at 19ns the Nova model’s wavelength of peak gain is
640nm compared to 585nm for the HF model and the experimentally-measured wavelength

of peak reflectivity of 580nm (see [29] for a more detailed comparison.)

VI. LASER COUPLING

As the wavelength separation between the inner and outer cones was increased to tune
the symmetry the peak x-ray flux measured by Dante decreased (see the black squares in
Fig. 10). The measured 30° quad SRS backscatter energy remained constant with increased
A\ despite an increase in laser energy for the 30° quad (see blue diamonds in Fig. 11). Our
post-shot simulations which remove the measured 30° SRS backscatter energy from both
the 30° quad and the 23.5° quad did not reproduce this decrease in x-ray drive with AM.
However, the FFLEX diagnostic showed an increase in hot electrons with increased AN.
By examining the SRS spectra of these experiments a hot electron temperature of 17 keV
was inferred. This temperature was used to constrain the FFLEX two-temperature fits of
hot electron energy versus hot electron temperature and allow an estimate of the total SRS
energy to be obtained from the Manley-Rowe relations. Performing this analysis showed a
large increase in the total SRS backscatter energy with A\ as shown by the black squares
in Fig. 11. The overall coupling efficiency of laser light into the hohlraum thus decreased
from 96% at 1.5At0 86% at 5.0A. We have attributed this additional SRS backscatter to the
undiagnosed 23.5° quad. When we subtract these revised 23.5° SRS backscatter energies
from the 23.5° quad we found that both models reproduce the experimental reduction in
peak x-ray flux with increased A\ as shown by the open blue circles and filled red circles in
Fig. 10. As discussed in section IV the Nova model’s peak flux is lower than the HF model
and the experiment for all A)s.

Based on these experiments a simplified NBI system has recently been added to one of
the 23.5° quads to directly measure the SRS energy backscattered from the 23.5° quads.
Initial results from this diagnostic have confirmed that the SRS on the 23.5° quads scales
differently than the 30° quad with AX. For large A\ the SRS from the 23.5° quad is
typically a factor of two higher than the 30° quad. Prior to the installation of the 23.5°
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quad backscatter diagnostic the SRS inferred from the FFLEX measurement was used to
determine the overall coupling efficiency into the hohlraum. Fig. 12 shows the coupling
efficiency (defined as the ratio of the laser energy in the hohlraum to the incident laser
energy) as function of incident laser energy. In ignition-scale hohlraums driven at 1.0 to

1.3MJ the laser coupling efficiency is around 88% in line with ignition requirements.

VII. CONCLUSIONS

In summary, we have compared the Nova model and HF model to the NIF hohlraum
energetics experiments and found that the HF model reproduces the experimental signatures
better than the Nova model. The Nova model showed too low an x-ray drive with too little
x-ray preheat fraction. The HF model matched the measured total Dante flux within the
experimental error bars for all of the hohlraum energetic experiments. Only the HF model
replicated the measured Dante x-ray spectrum, in particular capturing the increased emission
around the Gold M-band feature. We have deployed the cross-beam transfer script to both
models and found that both models show the observed reduction in x-ray brightness for the
outer laser quads. However, only the HF model matches the measured absolute symmetry
level of the imploded capsule. This has been attributed to the HF model’s cooler hohlraum
plasma conditions which lead to higher absorption of the inner quad than the Nova model
thus reducing the drive over the waist of the capsule. The cooler plasma also explains the
observed SRS spectra. Finally, we have revised the amount of laser energy that we subtract
to take account of backscatter based on a careful analysis of the hot-electron diagnostic,
which has recently been confirmed by a direct backscatter measurement.

Based on the results described in this paper we have updated our point design model
to the HF model. We predicted that at 1.3MJ in an ignition hohlraum we would have a
peak x-ray drive of 14.3 TW /sr (corresponding to an internal drive temperature of 305eV)
with a pre-heat fraction of 20% that would lead to a 20% prolate implosion at a A\ = 6A.
The recent 1.3MJ experiment (N101102) had a peak x-ray flux of 13.7 + 0.7 TW /sr with a
preheat fraction of 21% and a 25% prolate implosion. The laser coupling efficiency to the

hohlraum was measured at 88%.
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FIG. 1: (Color online) Five laser pulses with energies from 500kJ to 1.3MJ were fielded during the

hohlraum energetics campaign.
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FIG. 2: (Color online) The total Dante flux as a function of time for the experiment (black
solid line), HF model (red dash-dot line), and Nova model (blue dashed line) for an ignition-scale
hohlraum driven with a 1.0MJ laser drive (shot N091204).
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FIG. 3: (Color online) The simulated peak x-ray flux from the Nova model (blue open circles) and
the HF model (red filled circles) against the experimental peak Dante flux for the 2009 experiments.
Also shown, as red diamonds, are the HF model’s simulations for the 2010 experiments. Good
agreement between the simulation and the experiment corresponds to the dashed one-to-one line.

The experimental error bars are +5%.
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FIG. 4: (Color) The Dante spectrum for the experiment (black), HF model (red), and Nova model
(blue) at the peak of the drive for an ignition-scale hohlraum driven with a 1.0MJ laser drive (shot

N091204).
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FIG. 5: (Color online) The simulated peak x-ray preheat fraction from the Nova model (blue open
circles) and the HF model (red filled circles) against the experimental peak x-ray preheat fraction.
Also shown, as red diamonds, are the HF model’s simulations for the 2010 experiments. The

experimental error bar is +10%
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FIG. 6: (Color online) The time history of the 23.5° (solid black line), 30° (dashed red line),
44.5° (dash-dot-dot green line), and 50° (dash-dot line) quads before (a) and after (b) cross-beam

amplification and backscatter removal for the recent 1.0MJ shot N101004 with AX = 8.5A.
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FIG. 7: The inner cone fraction for the incident laser pulse (dashed line) and the laser power
generated with power transfer and backscatter removed (dash-dot line) for the 1.0MJ shot N101004
with AX = 8.5A. The total laser pulse is shown as the solid line. The average inner cone fraction

over the peak of the laser pulse rises from an input fraction of 33% to 57%.
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FIG. 8: (Color online) The change in the x-ray brightness of the wall emission attributed to the
outer laser quads for the experiment (black squares), Nova-model (blue open circles) and HF model

(red filled circles).
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FIG. 9: (Color online) The change in the P2/P0 of the 17% contour of the emission from the
imploded capsule for the experiment (black squares), Nova-model (blue open circles) and HF

model (red filled circles).
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FIG. 10: (Color online) The change in the peak x-ray radiant intensity measured by Dante as a
function of A for the experiment (black squares), Nova-model (blue open circles) and HF model

(red filled circles).

20



100 p—r—T"—1"T1— —
_ /{( 3
2 i /7 ;
> I },’ ]
o
o 50 / -
L 3 / -
g 5 D S -
o F 7¥ ]

: 2 | I [ | 2 -.
0 0 2 4 6
ANR (A)

FIG. 11: (Color online) The 30° quad SRS backscatter (blue diamonds) and total SRS energy

inferred from the hot electron measurement (black squares) as a function of A\.
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FIG. 12: The coupling efficiency of laser energy into the hohlraum as a function of incident laser

energy.
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